We examined the accommodative state of young adults wearing +2D and +3D reading spectacles under normal conditions and with the elimination of accommodative cues. SubjectsÕ refractions were measured with an infrared PowerRefractor. Power of the vertical meridian was recorded for subjects viewing far and near targets in free space and through a Badal lens apparatus with and without reading spectacles. Additionally, refractive measurements were taken after subjects wore +2D reading spectacles for 30 min (post-adaptation). In free viewing and viewing through the Badal lens, subjects uniformly over-accommodated relative to the target while wearing reading spectacles (i.e., with the spectacles, they focused at a plane in front of the target). Subjects in the first post-adaptation test showed no significant difference in accommodation between viewing a near target with and without +2D spectacles after having read with them for 30 min, though they had without post-adaptation. Subjects in the second post-adaptation test were not significantly differently accommodated before and after reading when binocularly viewing a near target with +2D reading spectacles. The results imply that no adaptation of the subjectsÕ accommodative postures while viewing visual targets occurred as a result of a 1/2 h near work task with the spectacles. The over-accommodation of subjects using reading spectacles while they are performing visual tasks shows the necessity of measurement if their true accommodative posture is to be determined.
Introduction
Numerous causes have been attributed to the onset and progression of myopia. A recent corneal aberration study calls attention to the force exerted by a personÕs eyelids during reading as a possible cause of refractive error leading to axial elongation and myopia (Buehren, Collins, & Carney, 2003) . Near work has long been suspected as a major contributor to the induction and progression of myopia, though the reasons for why near work might cause myopia have been many and varied (Curtin, 1985; Parssinen & Lyyra, 1993; Saw et al., 2002) . ''Fatigue of accommodation'', producing a blurred retinal image during near work, was also proposed as a source of myopia (Awetissow, 1980) . This ''fatigue'' during near work was one reason positive lenses were first prescribed as reading aids (Fridenberg, 1908) . The most recent justification for the treatment of subjects with reading spectacles stems from the proposal that myopia is induced by hyperopic retinal blur due to under-accommodation (Gwiazda, Bauer, Thorn, & Held, 1995; Rosenfield & Abraham-Cohen, 1999) . In a study by Schaeffel, Weiss, and Seidel (1999) , subjects tended to under-accommodate while reading. The blur produced from this under-accommodation has been linked to axial elongation of the eye and, consequently, myopia (Adams, 1987; Rosenfield & Abraham-Cohen, 1999; Zadnik, 1997) . Animal studies demonstrated that this elongation can be controlled with positive or negative lenses (Hung, Crawford, & Smith, 1995; Irving, Callender, & Sivak, 1991; Schaeffel, Glasser, & Rowland, 1988; Schmid & Wildsoet, 1996) . Positive lenses retarded the elongation of the eye, thus slowing the progression of myopia, while negative lenses promoted elongation. Such studies spurred the use of reading glasses in the prevention of myopia progression in human subjects, specifically children.
Throughout the last half century, reading spectacles have been employed as a non-invasive treatment for the prevention of myopia (Mandell, 1959; Oakley & Young, 1975) . Since the use of positive lenses was successful in retarding myopia progression in animals, including primates, it was proposed that the same retardation might occur in human subjects (Schmid & Wildsoet, 1996) . However, despite the results of other animal studies, the results from human studies are inconclusive; certain human studies support the retardation of myopia progression through the use of spectacles (Fulk, Cyert, & Parker, 2000; Goss, 1990; Leung & Brown, 1999) , while other studies show contradictory results (Grosvenor, Perrigin, Perrigin, & Maslovitz, 1987; Hemminki & Parssinen, 1987; Ong, Grice, Held, Thorn, & Gwiazda, 1999; Shih et al., 2001 ). The most recent study, the COMET (The Correction of Myopia Evaluation Trial) (Gwiazda et al., 2003) , found that progressive lenses with a +2D addition statistically significantly slowed the rate of myopia progression in children more than single vision lenses, albeit by a clinically insignificant amount. However, these results contradict a different study by Chung, Mohidin, and OÕLeary (2002) in which under-correction of myopia with +0.75D additions led to an increased rate of myopia development and axial elongation in children. Thus, while animal studies have indicated that positive lenses should slow or stop the progression of myopia, human studies have not upheld this prediction.
One of the problems with previous human studies of the effects of reading spectacles on the progression of myopia is that the actual accommodation of subjects wearing spectacles was not monitored. It has simply been assumed that a child wearing +2D reading spectacles will be better focused on the text he or she is reading than when the spectacles are not worn. Thus our study seeks to determine the effects of positive lenses (single vision reading spectacles) on the accommodative state of young adults.
Three recent studies have addressed this question with varying methods and results. Seidemann and Schaeffel (2000) tested the accommodative responses of seven emmetropic students with 0D, +1D, and +2D lenses at varying target distances using an infrared photoretinoscope (PowerRefractor, Multichannel Systems, Reutlingen, Germany). They showed that the addition of positive lenses caused a decrease in accommodative error; +2D lenses created the least amount of error. Rosenfield and Carrel (2001) , using the technique of stigmatoscopy, (where a subject minimizes the pointspread of a point source projected onto his or her retina via a parallel channel) found that subjects, on average, over accommodated by about 1/4-1/3 the power of the added lens over a range of 0.75D-2.5D. A later study by Seidemann and Schaeffel (2003) showed that the addition of +2D lenses produced significant overaccommodation during binocular and monocular viewing conditions.
In the present study, we used a PowerRefractor with both free viewing and a Badal lens apparatus to study the accommodative states of subjects wearing reading spectacles while performing a near work task. We made both monocular and binocular recordings. The power refractor is a rapid, binocular refractor with a 1 meter working distance whose results compare favorably with other auto refractors (Choi et al., 2000) . The use of the Badal lens set-up allowed us to present monocular stimuli with only vergence cues in order to see if looming, size, or convergence played a role in accommodative posturing with spectacles.
We used college-aged emmetropes or near emmetropes in the study as they are a population at risk for late onset myopia and they are readily available as subjects in our university environment. Furthermore, we wished not to complicate the study by starting from a range of myopic refractive states and histories, as it is known that the accommodation of myopes is less sensitive to blur than that of emmetropes (Gwiazda, Thorn, Bauer, & Held, 1993; Rosenfield & Abraham-Cohen, 1999 ).
Methods

Apparatus
We used an infrared video-refractor, PowerRefractor (Multichannel systems, Reutlingen, Germany), to measure the vertical meridional refraction and convergence of our subjects (Choi et al., 2000; Gekeler, Schaeffel, Howland, & Wattam-Bell, 1997) . In one mode, ''Complete Refraction'', this machine measures the refraction twice along three different meridians and computes sphere, cylinder and axis for both eyes, a procedure that takes several seconds using eccentric infrared light sources. In another mode, ''Fast Screening'', this machine computes the vertical meridional refraction of both eyes from the slope of the illumination in the subjectÕs pupil using a static, eccentric infrared light source, and, at the same time, the subjectÕs convergence is computed from the positions of the first Purkinje images in the pupils. In both modes the power refractor records the center to center distance between the subjectÕs pupils.
We used a monocular Badal lens presentation (Smith & Atchison, 1997 ) of text on a computer screen and a back-illuminated Snellen chart (Precision Vision, La Salle, IL) to present targets of the same size but different vergences to our subjects. We employed a 55 mm Nikon f#/2 camera lens as a relay lens between the illuminated target and the Badal lens which was an achromatic doublet of focal length of approximately 195 mm (Fig. 1) .
Visual acuity was measured using the EYECON computerized acuity apparatus (Howland & Lempert, 1987) in which Snellen letters were projected on a video monitor at a distance of 6 m. The brightness of the background was 150 cd/m 2 . In a second series of tests we employed the back-illuminated logarithmic minimum angle of resolution (log mar) chart (Precision Vision, La Salle, IL) at 4 m. Its brightness was 100 cd/m 2 . All brightness measurements were made with a digital luminance meter (Minolta Camera Co. Osaka, Japan).
We used +2D and + 3D reading spectacles with optical center-to-center distances of 48 and 58.5 mm, respectively. (Such reading spectacles are sold in stores in N.Y. State without the need of a prescription.)
Subjects
Subjects were recruited from their responses to posters distributed around the Cornell University campus. The experiments were undertaken with the understanding and written consent of each subject and approved by CornellÕs Human Subjects Committee. Study criteria requested subjects to be young, adult emmetropes, or near emmetropes (spherical equivalent refractive correction not greater than ±1D, having binocular visual acuity of 0.1 log mar or better)
1 . We recruited 32 subjects for the study, but three were rejected for reasons given in Table 1 , which lists ages, visual acuities, refractions (obtained from the ''complete refraction'' mode of the PowerRefractor) and tests in which the remaining 29 subjects participated. Nine subjects were male and 20 were female. Of these, 22 were Caucasian and 7 were of other groups (4 Asian, 2 African-American, and 1 Hispanic). The age of subjects ranged from 18 to 32 years (mean: 20.8; SD: 3.2). The mean of subjectsÕ unaided visual acuities was À0.04 log mar (SE: 0.016 logmar). None of the subjects had any obvious ocular pathology.
Procedures
Subjects were given a brief overview as to their required role in the examination. They were informed that we were going to measure their accommodative state under a variety of viewing conditions, with and without reading spectacles. We did not further discuss the theory or significance of the study before the subjects were tested. Each subject then received a visual acuity test prior to his or her examination. The test served as an initial screening for emmetropia before continuing the examination. The lighting in the examination room was dimmed to 17 lux ambient illumination.
Calibration of PowerRefractor
A battery of ophthalmic lenses, both positive and negative (À1, À2, +1, and +2D), was used to check for any calibration errors of the PowerRefractor. A subject was asked to focus on a distant target (6 m) and a near target (1 m). The PowerRefractor records spherical refractions without compensation for the working distance; therefore, an eye with no astigmatism focused at the plane of the PowerRefractor, 1 m, will register 0D of sphere. Seidemann and Schaeffel (2003) provide a more extensive explanation of the PowerRefractorÕs hyperopic addition. Initial refraction measurements for these calibration tests were recorded using the ''Fast Screening'' test with an infrared filter placed over the right eyes of 6 subjects. Further refractive measurements were taken of the right eye with both the filter and a series of different lenses placed in front of the filter. For example, if the PowerRefractor was properly calibrated, it should have registered approximately 2D of accommodation for an emmetropic eye focused at 1 m and covered with the infrared filter and a +2D lens. Fig. 1 . Badal lens apparatus. The Badal lens (an achromatic doublet) was mounted on an optical bench such that the back focal point of the lens was coincident with the first nodal point of the subjectÕs viewing eye (the other eye was occluded). A 50 mm Nikkor f#/l.4 lens was used to adjust the image of a distant illuminated screen with text at various positions with respect to the Badal lens, thus changing the vergence of the target image seen by the subject. The subjectÕs eye was refracted by the PowerRefractor via an infrared reflecting mirror.
All of the refractive data presented in this paper were recorded relative to the working distance of the PowerRefractor. Since the PowerRefractor automatically adds +1D to all measurements, over-accommodation was determined by subtracting this amount from recorded refractions when comparing accommodation with reciprocal target distances.
Prismatic effect of spectacles, gaze angles, and refraction
To compute the prismatic effect of the spectacles on the convergence of the subject, assuming that the subjects always fused the test objects in the binocular tests, we used a BASIC program which took as input the interocular distances of the subjects (PDs) for distant viewing, the distance between optical centers of the spectacleÕs power, the target distance and a 13 mm distance between cornea poles and the spectacle plane. The program then used trigonometry to compute the convergence in meter angles needed for each subject to fuse the visual targets at 33 cm distance through the spectacles, taking into consideration the prismatic power of the spectacles at the points that the subjectsÕ visual axes intersected the spectacle plane.
Initial test of accommodation with reading spectacles and PowerRefractor
With the Snellen chart still displayed at a distance (4 or 6 m) to the subject, subjects were asked to focus on one of the 20/20 letters while the PowerRefractor recorded a series of different measurements. Subjects were given a complete binocular refraction, using the ''Complete Refraction'' mode of the PowerRefractor, which included refractive measurements of the subjectÕs left and right sphere, cylinder, and axis. 
a Subjects no. 14 and no. 15 were found to be amblyopic and were dropped from the study; in addition, subject no. 9 was dropped because she was not emmetropic.
b ''Binoc'' refers to the binocular refraction test. c ''Monoc'' refers to the monocular refraction test. d ''Converg'' refers to the binocular refraction test of convergence. e ''Badal'' refers to the test involving the Badal lens. f ''Pos 1'' refers to the first post-adaptation reading test of accommodation. g ''Pos 2'' refers to the second post-adaptation reading test of accommodation. h ''Calib'' refers to the subjects who participated in tests to calibrate the PowerRefractor. i ''Gaze'' refers to the calibration test for horizontal and vertical gaze angles.
Subjects then received a ''Fast Screening'' that obtained measurements for pupil distance (distance measured between the middle points of the pupils), left and right vertical meridional refractions, standard errors of refractions, pupil sizes, and horizontal and vertical gaze angles. Binocular (11 subjects) and monocular (12 subjects) measurements were taken in the fast screening mode. An infrared (IR) filter was used to cover one eye for the monocular recordings.
The magnitude of accommodation, A, may be calculated as
where R inf is the refraction at infinite distance, R obs is the observed refraction i.e., that recorded by the PowerRefractor, d is the working distance of the refractor, and S is the spectacle power at the plane of the cornea. (For simplicityÕs sake, in our figures we have used the nominal, not the corneal powers of the spectacles, i.e., 2D rather than 2.06D and 3D rather than 3.12D.) In order to see if there was an effect of gaze angle on refraction, and thus to correct for systematic effects of off-axis refractions we had subjects view targets arrayed in the plane of the refractor at ±2.5°, ±5°, and ±7.5°h orizontal and vertical angles to the line of refraction. We then performed correlations between the two variables and looked for statistical significance using first and second order polynomial regressions on both individual and grouped data. We subsequently used the equations of the significant (grouped) correlations to correct our measurements of off-axis refractions to convert them to refractions on the line of sight. These corrections are further explicated in Section 4 below. The next part of the exam involved reading a paragraph on a note-card located 33 cm in front of the subject and just above the axis of refraction. Lettering on the note-card was high contrast, black on white lettering that subtended 8.3 min of arc (20/33, Snellen fraction). The note-card was illuminated by a small light positioned to the side of the subjectÕs head. Luminance of the card was measured at the distance of the subject and then converted to brightness using the equation E = pB sin 2h (Smith, 1966) . Brightness varied from 36 cd/m 2 , for the dimmest light, to 134 cd/m 2 , for the brightest light. Subjects were asked to read the text under various conditions: both binocularly and monocularly without spectacles and with +2D and +3D spectacles. The same refractive measurements as used in the ''Fast Screening'' refraction for distant viewing were recorded for each condition.
2.7. Accommodation after prolonged reading with +2D spectacles (''post-adaptation'' tests)
As a variation of the aforementioned protocol, 9 subjects were refracted at distance and then their accommodation responses were recorded after a 30 min period of reading at their habitual reading distance (%33 cm) while wearing the +2D spectacles. They were also refracted again at distance after the reading period. The purpose of this first test was to determine if subjectsÕ accommodations changed after spectacle wear in comparison to other groups. In order to see if reading had any effect on resting refraction, six additional subjects were tested using the same procedure as before, with the exception that a distant refraction was performed (without spectacles) after the measurements with +2D and +3D spectacles were taken. Also, the effects of 0D spectacles were recorded for the near target.
An additional study was conducted in which 10 subjectsÕ accommodation responses were recorded prior to and after a 30 min period of reading while wearing the +2D spectacles. The subjects were refracted at distance before and after the reading period. The purpose of this second test was to compare pre-and post-reading refractive measurements within the same group of subjects. The procedure for recording refractive measurements was the same as that of the first post-adaptation test.
Accommodation of subjects viewing target through Badal lens apparatus
Luminance of the room was approximately 114 lux. The brightness of the two targets used, as measured through the Badal lens was 6.8 cd/m 2 for the computer screen (used for 9 subjects) and 22 cd/m 2 for the backilluminated Snellen chart (used for four subjects). Subjects were seated in front of the lens apparatus. The chinrest was adjusted until the target was visible with only one eye; a barrier in front of the other eye prevented binocular viewing of the target. Two subjects were tested with only one eye because only one of their eyes (the right eye) was emmetropic. (These subjects were not used in the binocular tests above.) Data from 11 subjectsÕ left eyes and two subjectsÕ right eyes was used for analysis. The vergence of the target was adjusted during the exam to settings necessitating 0D, 2D, and 3D of accommodation for perfect focus. In order to change the vergence, the relay lens was moved closer to the Badal lens (Fig. 1 ). Subjects were prevented from seeing the apparatus setup, and they could not see the lens moving closer to them when vergence settings were changed. After being refracted at a specific setting, subjects wore positive lenses corresponding to the accommodative demand of the target stimulus (i.e., no lenses for 0D, +2D lenses for 2D, and +3D lenses for 3D). Four subjects wore 0D lenses at the 0D setting. Three refractions were taken for each condition, and five refractions were taken for the condition in which subjects wore +3D spectacles (extra measurements with the +3D spectacles were recorded due to the variability of the data set).
Convergence calculation
To check for possible changes in observed refraction due to convergence at the near target, convergence was calculated for 9 subjects from the horizontal gaze angles measured by the PowerRefractor at the beginning of each binocular and monocular test. Target values (À7.5°, À5°, . . . , +7.5°) were plotted as dependent variables and regressed against the difference in horizontal gaze angles between left and right eyes. The slope of the regression line was multiplied by 2 to obtain an ''angular multiplier''. Target values were again used as dependent variables and regressed against the horizontal gaze angles for each eye separately. The offset constants (y-intercepts) for each eye were averaged and then multiplied by the angular multiplier to obtain the angle lambda. (The angle lambda is a clinical approximation to the angle alpha, the angle between the optic axis of the eye and the visual axis.) Convergence for each viewing condition of the tests was determined from the following equation:
Statistics
Comparisons of accommodative states were performed by paired, two-tailed t-tests. In each paired comparison the resultant probability values were corrected by the Bonferroni procedure, in which the probabilities were multiplied by the number of tests performed. Measurements of over-accommodation were determined with one-sample, two-tailed t-tests; comparisons were made between expected and observed refractions with reading spectacles. Calibrations of the PowerRefractor were analyzed with regression plots of subjectsÕ refractions taken with various ophthalmic lenses. The effect of lenses on convergence was tested with an analysis of variance. All statistical tests were performed in Statview Ò , Abacus Concepts, Berkeley, CA.
Results
The calibration of the PowerRefractor using a battery of lenses (À2, À1, +1, and +2D) and an infrared filter to cover the right eyes of 6 subjects showed that distant and near refractions were accurate to within 0.3D (= mean absolute value of the error). Regression plots of the PowerRefractor measurement data for the comparisons of lens additions when subjects viewed 6 m and 1 m targets are given in Fig. 2 . The graphs show that the PowerRefractor measured similar refractions when subjects focused on the two different targets (6 m target: y-intercept = À0.093, slope = À1.005; 1 m target: yintercept = À0.137, slope = À1.045).
In all of the tests, subjectsÕ horizontal gaze angles were 610°from the axis of refraction; the mean of the absolute values of horizontal gaze angles was approximately 4°(SE: 0.138) from the axis of refraction. There were no significant correlations between horizontal gaze angles and refractions for individual subjects; however we did find a slight but significant correlation between horizontal gaze, y, and refraction of right eyes, x, when all eight subjects who participated in the test were taken together. The regression equation slope was x½diopters ¼ À0:034 Ã y½degrees ðp < 0:0027; r ¼ 0:16Þ ð3Þ indicating that the nasal retinas, on average, had a slightly more hyperopic refraction than the temporal retinas. We used this equation in Figs. 4 and 6 below (which employed right eyes) to correct for off-axis horizontal refractions.
Vertical gaze angles (measured for all subjects) in our tests were 613°from the axis of refraction. The mean of the absolute values of vertical gaze angles from the axis of refraction was approximately 4°(SE: 0.192). Of the 6 subjects whose refractions at different vertical gazes were recorded, only one subject showed a significant interaction between vertical gaze and accommodation and this only in one eye. However, when the data of all the subjects were taken together it was found that their refractions became increasingly myopic for off-axis refractions in the vertical meridian, regardless of whether the refraction was measured above or below the line of sight.
These refractions, xÕs [in diopters], were fit by the gaze angles, yÕs, In these equations we have eliminated the intercepts, which represent on-axis static refractions of the subjects under the conditions of the calibration test, and we have also eliminated the linear terms in y, because these accounted for only a difference of 0.02D on average. These equations, in addition to those smaller corrections of the horizontal in Figs. 4 and 6, were subsequently used to estimate corrections in all of the observed refractions (see Figs. 3-7 and Section 4, below). The distant refractions of the 29 subjects of this study taken with the PowerRefractor (''complete refraction mode'') are given in Table 1 along with their sex, age, visual acuity, and in which portions of the study they participated.
The prismatic effects of the spectacles for subjects binocularly viewing a target at 33 cm distance were computed from the interocular distances of the subjects, and the powers and center to center distances of . Mean observed refractive state of 9 subjectsÕ left eyes relative to the PowerRefractor at 1 m distance while binocularly viewing a target 33 cm distant without and with reading spectacles of 0, +2, and +3D power after having read with +2D spectacles for 30 min. Significant differences are indicated with p-values. Reference line as in Fig. 3. the spectacles. The mean differences between target vergence and gaze angles were 0.36 ± 0.1 MA for the 2D spectacles and À0.02 ± 0.17 MA for the 3D spectacles. In the first case, the mean difference was such that the subjects were fixated behind the target, i.e., had less vergence than they would have had without the prismatic effect of the spectacles. Thus the signal for convergent accommodation was, on average, less than that had the spectacles been centered, and hence would have tended to reduce the over-accommodation that we observed rather than to enhance it. For the second case with +3D spectacles the spectacles were, on average, centered.
Measurements of over-accommodation
Mean equivalent spherical refractions were obtained for each subject by adding half of the measured cylinder to the spherical measurement recorded during the complete refraction at the beginning of each test while the subject viewed a Snellen chart at 6 m distant. The means of the absolute values of the equivalent spherical refractions for the right and left eyes of 11 subjects were 0.44D (SE: 0.07D) and 0.44D (SE: 0.08D), respectively. Due to the predominance of against the rule astigmatism in the subjects used in the ''binocular test'', the mean and standard errors of the powers of their left vertical meridians were À0.028 ± 0.214D.
Results from the tests of binocular viewing of targets at 6 m and 33 cm with and without +2D and +3D reading spectacles are given for left eyes in Fig. 3 . (In the binocular viewing and first post-adaptation tests, if both eyes had equal acuity we used data from left eyes.) This decision was made arbitrarily at the initiation of the tests. We analyzed data from right eyes in tests involving monocular free field viewing [Figs. 4 and 6] because data from left eyes was not collected for some subjects; therefore, we used right eyes for both monocular and binocular analyses of the second post-adaptation test in which we made comparisons between the two groups of data (Fig. 6) .
It is apparent that subjects in the binocular test, on average, were well focused on the 33 cm target and over-accommodated (p 6 0.0001) to the 6 m target without spectacles, but they were over-accommodated on the 33 cm target with +2D and +3D reading spectacles. The mean over-accommodations with +2D and +3D reading spectacles were approximately 0.90D (p = not significant [n.s.]) and 1.12D (p 6 0.03), respectively (one-sample t-test). In comparisons between target viewing conditions (paired t-test), results were corrected with the Bonferroni test, and significant p-values are provided in Fig. 3 .
Mean monocular refraction measurements for the right eyes of 12 subjects, when the left eye was covered with an IR filter (Fig. 4) are similar to the mean binocular refractions discussed above. Subjects viewing targets monocularly significantly over-accommodated while wearing +2D and +3D reading spectacles. Mean over-accommodations were 0.65D (p 6 0.007) and 1.32D (p 6 0.0006), respectively (one-sample t-test). Statistical comparisons between viewing conditions (Bonferroni-corrected paired t-test) are provided in Fig. 4 . Fig. 7 . Mean observed refractive states of 11 subjectsÕ left eyes and two subjectsÕ right eyes relative to the PowerRefractor at 1 m distance while monocularly viewing a target through the Badal lens apparatus without spectacles (vergence settings at 0D, 2D, and 3D) and with spectacles (+2D for the 2D setting and +3D for the 3D setting). Significant differences are indicated with p-values. Reference line as in Fig. 3 . Fig. 6 . Mean observed refractive states of 8 subjectsÕ right eyes relative to the PowerRefractor at 1 m distance while binocularly and monocularly viewing a target 33 cm distant with +2D reading spectacles before (pre) and after (post) having read with +2D spectacles for 30 min. Significant differences are indicated with p-values. Reference line as in Fig. 3 .
Accommodation after prolonged reading with +2D spectacles (''post-adaptation tests'')
The means of the absolute values of the equivalent spherical refractions for the right and left eyes of 9 subjects viewing a distant target in the first post-adaptation study (before adaptation) were 0.40D (SE: 0.08D) and 0.29D (SE: 0.09D), respectively. After reading a college text book at their habitual reading distances for 30 min with +2D spectacles, subjects continued to show overaccommodation for the 33 cm target while wearing +2 and +3D reading glasses (Fig. 5) . Mean over-accommodations for subjects left eyes wearing 0D (6 subjects), +2D (9 subjects), and +3D (9 subjects) reading spectacles were approximately 0.71D (p = n.s.), 0.72D (p = n.s.), and 1.79D (p 6 0.02), respectively. Statistical comparisons between viewing conditions (Bonferronicorrected paired t-test) are provided in Fig. 5 .
The means of the absolute values of the equivalent spherical refractions for the right and left eyes of 10 subjects viewing a distant target in the second post-adaptation study (before adaptation) were 0.29D (SE: 0.05) and 0.27 (SE: 0.07), respectively. We examined the refractions often subjects before and after wearing +2D for 30 min, during which time they read a college text book. We noticed that the reading induced an anisometropia in two of the subjects of over 0.5D. When these subjects were excluded from the group, the results showed no significant changes in accommodation for right eyes in binocular viewing before and after reading when viewing the 33 cm target with +2D spectacles (Fig.  6 ). Monocular refractions (left-eye covered) of the 8 subjectsÕ right eyes also showed no significant changes in accommodation before and after reading (data not shown). Subjects showed no significant differences in accommodation between pre and post reading for the other test conditions (viewing 6 m, 33 cm with 0D spectacles and +3D spectacles, data not shown).
The least controlled part of this experiment was the fact that the subjects assumed their habitual reading distances (%33 cm) during the adaptation period. It is conceivable that some variation in these distances, and hence accommodative demand could have increased the scatter in the data and hence weakened the comparison with the non-adaptation experiment. However, regulating the distance with a chin rest and reading frame, might have induced fatigue or other stresses that would also have increased the scatter.
Accommodation of subjects viewing target through Badal lens apparatus (''Badal test'')
In the Badal experiments we used primarily left eyes, and only used right eyes when the acuity in the right eye was better. The mean of the absolute value of the equivalent spherical refractions for the left eyes of 11 subjects and right eyes of two subjects viewing a distant target was 0.37D (SE: 0.07D). Subjects viewing a target through the Badal lens apparatus showed prominent over-accommodation when wearing +2D and +3D spectacles (Fig. 7) . The mean difference in accommodation to a target with 2D vergence with and without +2D reading spectacles was 0.86D (p 6 0.0002). The mean difference in accommodation to a target with 3D vergence with and without +3D reading spectacles was 0.96D (p 6 0.0002). Both of these differences were statistically significant and p-values are given in Fig. 7 . We found no statistical differences between the observed refractions of the 9 subjects viewing the computer screen target and the four subjects viewing the back illuminated Snellen chart for any of the conditions. Additionally, 4 of the 13 subjects were tested with and without 0D spectacles while viewing a target of 0D vergence. Their mean accommodations under these two conditions differed by 0.07D, a difference that was not statistically significant.
Effects of convergence on accommodation and vise versa
Convergence was not significantly different for subjects viewing a near target at 33 cm without and with reading spectacles of +2D and +3D power (ANOVA F = 0.004, N.S. Fig. 8 ).
Complaints of blurred vision
A few subjects complained of blurred vision sometimes in the first series of binocular tests without adaptation when, and only when, wearing +3D. spectacles. We did not take data from subjects when they were experiencing blur. We presume that the blurred vision Fig. 8 . Mean binocular convergence readings of 9 subjectsÕ eyes while viewing a distant target (6 m) without reading spectacles and a near target (33 cm) without and with reading spectacles of +2 and +3D power. The arrow indicates the expected convergence for a subject converging at 33 cm.
resulted from a conflict between the stimuli for accommodation and convergence.
Discussion
The fact that subjects were approximately 1D myopically focused when viewing the distant Snellen chart (Fig. 3) may reflect a tendency towards the accommodative position of rest in a darkened room without a critical reading task together with small amounts of myopia. It is known that even for bright distant targets there is a lead of accommodation (Abbott, Schmid, & Strang, 1988) . Furthermore, this finding is in accordance with the retinoscopic calibrations of the PowerRefractor made by Seidemann and Schaeffel (2003) .
Gaze angles and refraction
The refractions of subjects fixating on a target at different horizontal and vertical gaze angles were recorded because previous studies have shown that if a subjectÕs angle of gaze from the axis of refraction is relatively large, his or her refraction is significantly affected (Atchison, Claydon, & Irwin, 1994; Takeda, Neveu, & Starke, 1992) . Since the PowerRefractorÕs refraction axis was not perfectly aligned with each subjectÕs fixation axis in the free viewing tests, it was necessary to check for errors in refraction due to off-axis measurements.
Both Takeda et al. (1992) and Atchison et al. (1994) found that refractions associated with different horizontal gaze angles were similar at angles = 20°in either direction. And indeed, our measurements showed only a very slight trend in refraction versus angle of gaze and resulted in insignificant corrections to the observed refractions, i.e., 0.12D on average. However, while there is no substantial change in accommodation associated with small changes in horizontal gaze, substantial change in accommodation has been found with relatively small changes in vertical gaze (Atchison et al., 1994; Takeda et al., 1992) . Because of these findings, it was necessary to refract subjects while they fixated on targets at different vertical angles of gaze. When the subjectsÕ data were grouped we found significant correlations between refraction and gaze angles in the vertical meridian (Eqs. (3) and (4) above). Admittedly, our correction procedure is less than perfect, since we did not measure the interaction of horizontal and vertical errors in refractions that were obliquely off-axis. However, since in any given free viewing test series (Figs. 3-6) , the gaze angles of subjects viewing near targets were always very similar, any errors from interaction terms would only affect the absolute magnitude of overaccommodation, not the comparisons between the viewing conditions at the same target. Moreover, it was seen that the results of the Badal tests were qualitatively the same as those of the free viewing tests. For these reasons we do not think the interaction terms of the horizontal and vertical gaze measurements significantly affected our results.
Measurements of over-accommodation
Binocular test of accommodation with reading spectacles and PowerRefractor
Results from the study demonstrate that subjects over-accommodate when viewing near targets while wearing positive lenses (reading spectacles). It might be expected that, because reading spectacles reduce accommodative demand needed to view a near target, subjects would be accurately accommodated on the test targets; however, the present study shows that this is not so. Averaging the data of Figs 3-5 we find that subjects over-ccommodated by approximately 19% of the power of a +2D lens when viewing targets through it and 39% of the power of a 3D lens. These values are similar to those found in binocular viewing by Rosenfield and Carrel (2001) and Seidemann and Schaeffel (2003) .
Monocular test of accommodation with reading spectacles and PowerRefractor
Convergence accommodation is the accommodation that arises due to binocular convergence of the eyes. Schor (1999) has noted on the basis of model studies that unconnected hyperopia and esophoria may increase the lag of accommodation, and uncorrected myopia or exophoria may decrease it. To eliminate these factors, monocular tests of accommodation were performed along with the binocular tests in order to eliminate possible effects of convergence on accommodation. The monocular test results were similar to the binocular test results in that they also demonstrated over-accommodation with reading spectacles. These results agree with results from the convergence test that found there were no significant differences in subject convergences as a function of the power of the reading spectacles worn in the binocular tests (Fig. 8) . These binocular convergence tests were performed because it was possible that the ''one size fits all'' spectacles might have induced prismatic corrections that could have induced convergence.
Accommodation after post-adaptation with +2D spectacles
After determining that subjects over-accommodated immediately after putting on a pair of +2D or +3D reading spectacles (Figs. 3 and 4) , we wanted to determine what effects extended wear of a pair of reading spectacles would have on accommodation. It was believed that subjects might adapt to wearing reading spectacles, thereby decreasing their accommodation with time. We believed subjects might be able to relax their initial over-accommodation to wearing reading spectacles if they wore +2D spectacles for a half-hour before the test.
Results from the first test for post-adaptation (Fig. 5 ) showed that subjects continued to over-accommodate after prolonged use of reading spectacles. However, there were notable differences between these statistical results and the results from the previous test in which no spectacles were worn prior to measurement (compare Fig. 3 ). In the previous test, refractions from subjects wearing +2D spectacles significantly differed from those in which no spectacles were worn. This difference was not statistically significant in the post-adaptation test, and suggests that some form of adaptation to the +2D spectacles may have occurred. Because this involved a comparison between the behaviors of two different groups of subjects, we repeated the test with a single group.
In this second post-adaptation test, subjectsÕ accommodative responses before reading with +2D spectacles were compared to their responses after reading. Subjects demonstrated no significant change in accommodation before and after reading when binocularly and monocularly viewing a near target with +2D spectacles. It would appear that no adaptation in accommodative posture to reading spectacles occurs within the first half-hour of their wear. It remains to be seen if adaptation might occur after much longer periods of reading spectacle use, or if, during adaptation, the reading distance were much less than 33 cm.
The failure to observe a change in accommodation in the post-adaptation tests may be due to the fact that the subjectÕs accommodation was recorded in a closed loop condition, i.e., while he or she was attempting to focus a visual target. Adaptation of tonic accommodation is a well documented phenomenon in open-loop conditions (McBrien & Millodot, 1988; Schor, 1984) , but if the blur reduction feed-back loop is strong enough in monocular viewing, or that feedback loop and the feed-forward signal from the convergence feedback loop are strong enough in binocular viewing, then these signals for accommodation may mask any adaptation of tonic adaptation that may have taken place in the pre test reading interval. A circumstance that argues against this, however is the fact that the subjects generally over-accommodated to near targets, and thus viewed blurred images. This indicates a weakness of the blur driven feedback loop and hence raised a question of its ability to mask adaptation of tonic accommodation.
Spectacles of zero power
The 0D spectacles were employed to act as a control for possible over-accommodation due to the physical presence of spectacles on the subjectÕs head. Results in Fig. 5 show the 0D spectacles did not have a significant effect on subjectsÕ accommodative states when viewing the near target (33 cm). Therefore, it can be ruled out that the over-accommodation subjects experienced when wearing the +2D and +3D reading spectacles was not simply due to the physical presence of the spectacles.
Accommodation of subjects viewing target through Badal lens apparatus
After the initial study in which over-accommodation was demonstrated, the next part of the study was aimed at determining the cause of the observed overaccommodation.
Numerous experiments have been performed in order to determine the various stimuli that trigger accommodation. A few of the stimuli addressed by past researchers include retinal blur (Smithline, 1974) , convergence (Kersten & Legge, 1983; Toates, 1972) , looming (change in size of target) (Kruger & Pola, 1986; McLin, Schor, & Kruger, 1988) , target proximity (Rosenfield & Gilmartin, 1990 ), knowledge of target proximity (Rosenfield & Ciuffreda, 1991) , and chromatic aberration (Kruger & Pola, 1986; McLin et al., 1988) . We used the Badal lens apparatus to eliminate a number of these clues.
The Badal lens eliminated the looming stimulus by allowing the vergence of the target to change but not allowing a change in target size (Smith & Atchison, 1997) . Other stimuli that were eliminated included convergence, since measurements were monocular, and target proximity and knowledge thereof, since the location of the target was unknown to the subject. Despite the elimination of these various stimuli, subjects wearing reading spectacles still prominently overaccommodated.
Two stimulus conditions that have been known to specifically produce over-accommodation are instrument accommodation and resting (tonic) state accommodation (Johnson, 1976; Leibowitz & Owens, 1975) . Instrument accommodation is often referred to as instrument myopia and is defined as ''a persistent state of over-accommodation during observation through an optical instrument, such as a telescope or microscope'' (Hennessy, 1975) . We disregarded instrument myopia as a source of error in the results from the Badal lens study because we believed it would only add a constant value of accommodation to each condition. Also, we showed that there was no difference in accommodation in the Badal apparatus with or without 0D spectacles.
Resting state accommodation, often referred to as ''dark focus'', is the accommodative state measured when no visual stimulation is present (Leibowitz & Owens, 1975) . It is believed that when the accommodative stimulus is degraded, the eyes return to this intermediate accommodative state. Resting state accommodation might influence accommodation when viewing near targets if the targets are not well-illuminated. Johnson (1976) found increased error in accommodative accuracy with decreased illumination. This accommodative error might be due to the tendency of accommodation to move toward its resting state in low illumination (Jiang, Gish, & Leibowitz, 1991) .
To test for the effect of illumination of the target on subjectsÕ accommodation measurements we used targets of two different illuminances. Comparisons from four subjects between refractions from the previous target (computer screen) with lower luminance and the new target (Snellen chart) produced no significant differences.
Conclusions and implications of the present study
From the present study we conclude that:
(1) As has been shown previously with two different methods, subjects over-accommodate to near targets when wearing reading glasses. (2) This over-accommodation has been shown not to be due to vergence accommodation, proximity cues, or looming. (3) The over-accommodation persists even if the reading spectacles are used in a half-hour near reading task.
Under the hypothesis in which hyperopic blur (from under-accommodation) is cited as the source of myopia, over-accommodation produced by reading spectacles bolsters their use as a preventative measure in retarding the rate of myopia progression in children. Positive lenses reduce hyperopic blur and, with a large enough power, produce myopic blur instead. According to the hyperopic blur hypothesis, the reduction in hyperopic blur due to reading spectacles should reduce myopia progression. However, as noted above, inconclusive results from human studies in which school children wore reading spectacles contradict previous findings from animal studies that supported the hypothesis.
Two possible reasons, other than non-compliance, for why studies of children wearing positive lenses did not reduce myopia are, firstly, children wearing reading spectacles may have relaxed their initial accommodation after wearing spectacles for an extended period of time (days, not hours). If reading spectacles are worn long enough, it may happen that subjects will ultimately underaccommodate when viewing a near stimulus with them. If the hyperopic blur hypothesis holds true, this underaccommodation might lead to the progression of myopia.
Secondly, with regard to myopic progression, humans may differ from other animals. In fact, one study showed that positive lenses increased the rate of axial length elongation in human subjects (Chung et al., 2002) . In humans, it is possible that myopic progression is not dependent upon the sign of blur, but simply the presence of blur, whether hyperopic or myopic. Under these circumstances, the myopic blur created by reading spectacles might increase the rate of myopia progression, rather than retard it.
The results from the present study provide an incentive to evaluate the accommodative responses of subjects participating in reading spectacle studies. Without knowing where subjects are accommodated when wearing spectacles over a period of time, results of such studies about the effects of positive lenses on the progression of myopia in humans may remain inconclusive.
